Abstract
Introduction

Information transfer in the brain requires a homeostatic control of neuron excitability. A deregulation of the homeostatically balanced ratio between glutamatergic and GABAergic synapses (Glu/GABA ratio) is considered to elicit hyperexcitability, as is the case with
temporal lobe epilepsy (TLE) [1, 2] . Therefore in TLE, plasticity of GABAergic inhibitory signalling attracted much attention, and previous research identified several anticonvulsive substances that enhance tonic GABAergic inhibition to compensate for increased Glu/GABA ratios of synaptic input (for review see [3] ).
Glycine receptors (GlyRs) [4] [5] [6] [7] [8] [9] [10] , and glycine and taurine as well as glycine uptake inhibitors were found to be anticonvulsive [7, 11, 12] . However, classical GlyRs have a rather low affinity for glycine [13, 14] , while the hippocampal ambient glycine concentration is in the submicromolar range [15, 16] . A priori, this discrepancy argues against a role for GlyRs in hippocampal tonic inhibition, but a clarifying possibility is that activity-dependent up-regulation of RNA-edited high-affinity GlyRs (haGlyRs) [17] occurs and thereby approximates the responsiveness of hippocampal GlyRs to the level of hippocampal ambient glycine.
To investigate this possibility, we scanned human TLE hippocampi for haGlyR expression. Up-regulation of ␣2-and ␣3-haGlyR expression indeed occurred in TLE hippocampi obtained from patients with a severe course of disease. [18] [19] [20] (Fig. 1D ). Wistar rats were prepared as previously described [6] and maintained in B27-and 1% FCS-supplemented Neurobasal medium [22] . The 
Furthermore, an in vitro cell culture system was developed for characterization of the potential consequences of haGlyR-mediated tonic inhibition. Because down-regulation of the potassium chloride cotransporter 2 (KCC2) is a hallmark of TLE hippocampi
Materials and methods
Detection of haGlyRs in hippocampi from TLE patients
Hippocampal cell culture and transfection
Antibodies
GlyRs were recognized by the monoclonal antibody mAb4a [26] 
Reagents
In part of the experiments the medium was supplemented with iGluR antagonists DNQX (6,7- [18-20, 33, 34] . We therefore analyzed KCC2 expression in hippocampi from W0-1 and W2-4 patients, related it to haGlyR mRNA fractions of GlyR ␣2 and ␣3 transcripts and found an inverse correlation between KCC2 and haGlyR expression (Fig. 1E) . [17] and which approximates hippocampal ambient glycine in TLE patients [16] . Gramicidin-perforated patch clamp recordings were performed to estimate the driving force for Cl Ϫ ions in these hippocampal neurons ( Fig. 2D and E [35] and that hippocampal GlyRs are apparently not involved in synaptic transmission [5, 6, 8] , one can attribute the contrasting actions of GABA and glycine to synaptic GABAAR-mediated excitation and tonic haGlyR-mediated shunt inhibition. Fig. 4A-D) . The number of glutamatergic and GABAergic terminals was correlated (Fig. 4E) , suggesting that the Glu/GABA ratio is kept within a narrow range [36] [34] and causes down-regulation of KCC2 [18] [19] [20] 34] . Therefore, we applied DNQX/MK801 and K252a to block iGluRs and TrkB In line with previous data [30] , TrkB receptor blockade ( Fig. 5D  and E (Fig. 5A, Table 3 ).
haGlyR-mediated tonic inhibition increases the Glu/GABA ratio of synaptic input through activation of iGluRs and TrkB receptors
We know from previous studies that activation of ionotropic glutamate receptors (iGluRs) and tyrosine kinase B (TrkB) receptors contribute to the regulation of Glu/GABA ratios of synaptic input [30]. Moreover, it was shown that brain-derived neurotrophic factor (BDNF) expression increases in epileptic hippocampi
In [25, 40] . Upon NES cleavage by activated caspase-3, the reporter protein EYFP is translocated into the nucleus (Fig. 7A ) with the aid of the remaining nuclear localization sequence. Accordingly, nuclear exclusion of the EYFP reporter protein indicates reduced or absent caspase-3 activation (Fig. 7B) . Using this reporter construct, we found that both control and ␣3 (Fig. 9 ).
185L -positive neurons exhibited similar caspase-3 activation, expressed as percentages of GlyR-expressing neurons with nuclear caspase-3 sensor (Fig. 7C, days after transfection: dpt). Furthermore, in both control
Human hippocampal neurons have the potential to generate haGlyR variants
We adapted the previously described method for quantification of haGlyR expression [17] to human Glra2 and Glra3 transcript sequences ( Supplementary Fig. 1A ) and validated this modified approach by calibration (Supplementary Fig. 1B ). In addition, sequencing of genomic DNA ruled out the possibility that haGlyR Fig. 1D) [44] . Nevertheless, given the voltage dependency of GlyT-1 glycine transport, it is conceivable that neuronal activity raises hippocampal ambient glycine to supramicromolar levels [15, 45] , which may become particularly relevant when considering that neuronal high frequency activity is a precursor of recurrent epileptiform discharges [46] . Therefore, we consider the affinity of haGlyRs well suited for the translation of hippocampal ambient glycine into tonic inhibition, especially under conditions of sustained hippocampal network activity.
Thus, haGlyRs are functionally well adjusted for translation of hippocampal ambient glycine into tonic glycinergic inhibition, potentially providing a cellular basis for the recently uncovered hypoactivity of hippocampal neurons in cases of TLE [47, 48] . Although the time course of disease progression was heterogeneous in the TLE patients investigated here (see Table 1 According to these data, we propose that disequilibrated TrkB receptor [18, 34, 49] and iGluR signalling [1] (Fig. 9) , seizure activity triggers BDNF-and TrkB receptor-dependent down-regulation of KCC2 [18, 34] together with up-regulation of haGlyR expression (Fig. 9A) 
